Other mechanisms of internalization are available to S. aureus since mutants 73 that lack FnBPs are often not completely deficient in invasion. One such "back up" 74 mechanism is provided by the autolysins Atl which can bind directly to the heat shock 75 platelets (Miajlovic et al., 2010b) . The interaction was blocked by specific inhibitors 98 of the platelet integrin which implied that a direct interaction between the bacterial 99 surface protein and the integrin was involved. The objective of the current study was 100 
Results

104
IsdB promotes adhesion to human cells as well as platelets 105
Our previous study which showed that IsdB expressed on the surface of S. 106 aureus could promote platelet adhesion and aggregation was conducted with strain 107
Newman mutants lacking the Fg-binding proteins ClfA and ClfB, both of which can 108 interact indirectly with the platelet integrin α IIb β 3 by forming Fg bridges. Newman 109 does not express FnBP adhesins, which can also interact with platelets via plasma 110 molecules bridges, because of stop codons in the 3' ends of the fnbA and fnbB genes 111 (Grundmeier et al., 2004) . Here we extended the study of IsdB to strain SH1000 112 which expresses each of the aforementioned surface proteins. A deletion mutation in 113 isdB was isolated in SH1000 and SH1000 clfAclfBfnbAfnbB by allele exchange using 114 pKOR1. All strains of SH1000 and Newman used in this study were validated by 115
Western immunoblotting and bacterial adhesion assays to immobilized ligands 116 following growth in the iron-limited medium RPMI (Fig. 1) . Cell wall-anchored 117 proteins were solubilized with lysostaphin and analyzed by Western immunoblotting 118 probing with anti-IsdB serum. This showed that Newman and SH1000 expressed IsdB 119 at similar levels and that the protein was absent in the isdB mutants. IsdA was 120 expressed at the same level in all strains (Fig. 1A) . SH1000 strains were probed for 121 expression of FnBPs by Fn-affinity blotting with biotinylated Fn which showed they 122 were expressed at similar levels by SH1000 and SH1000 isdB (Fig. 1A) . Both 123
Newman and SH1000 adhered dose-dependently and saturably with similar profiles to 124 immobilized Fg while mutants lacking the Fg -binding adhesins (Newman clfAclfB; 125 F o r P e e r R e v i e w SH1000 clfAclfBfnbAfnbB) did not (Fig. 1B) . SH1000 adhered to immobilized Fn but 126 Newman (like SH1000 clfAclfBfnbAfnbB) did not adhere because of the defects in its 127 fnb genes (Fig. 1C) . RPMI-grown Newman isdB and SH1000 isdB bound to Fn and 128
Fg at levels similar to those of the wild-type strains indicating that IsdB expression 129 does not contribute detectably binding to these ligands (Fig. 1BC) . 130 We hypothesized that IsdB might promote interactions with other human cells 131 as well as platelets. Bacterial strains were grown in RPMI and immobilized in 132 microtitre dishes. Washed human platelets, 293T cells and HeLa cells were added to 133 the wells and adherent cells were estimated by measuring intracellular acid 134 phosphatase. BSA and the extracellular matrix proteins Fn and Fg served as controls 135 (Fig. 2ABC) . Platelets bound to Fg-but not to Fn-coated wells ( Fig. 2A) . In contrast 136
HeLa and 293T cells bound to Fn-coated wells, but not to those with Fg ( Fig. 2BC) , 137 most likely employing Fn-binding integrins. We confirmed our previous finding that 138 platelets adhered to S. aureus Newman cells in an IsdB-dependent manner ( Fig. 2A) . 139
This involves the platelet integrin α IIb β 3 . Newman and SH1000 bound to 293T and 140
HeLa cells unlike the isdB mutant, which implies that IsdB can interact with these 141 cells in similar manner, perhaps also using integrins (Fig. 2BC) . S. aureus SH1000 142 and SH1000 clfAclfBfnbAfnbB bound to the 293T and HeLa cells at similar levels. 143
Binding of mammalian cells to the isdB mutants was significantly reduced. It should 144 be pointed out that these experiments were performed in the absence of serum and 145 hence Fn which would otherwise promote binding via FnBPs. Addition of the RGD 146 peptide reduced the level of 293T and HeLa cell binding to S. aureus Newman to the 147 same level as the isdB mutant (Fig. 3AB) Our previous studies indicated that S. aureus cells can bind to platelets by a 154 direct interaction between IsdB and the platelet integrin (Miajlovic et al., 2010b) . The 155 integrin undergoes complex conformational changes from the bent (low affinity) 156 conformation on resting platelets to the extended (high affinity) state on activated 157 platelets (Ma et al., 2007) . To identify the conformation required for binding to IsdB 158
we expressed and purified a recombinant form of IsdB with a 6 x His tag. The purity 159 and integrity of the protein was indicated by the single band in SDS-PAGE and by the 160 ability of the protein to bind to immobilized haemoglobin dose-dependently and 161 saturably (Fig. S1 ). We then studied the protein's ability to bind to platelets prior to 162 and after activation with Thrombin Receptor Activating Peptide (TRAP) which 163 converts the α IIb β 3 integrin to the high affinity conformation (Coutinho et al., 2007) . 164
Fluorescently labelled recombinant IsdB bound at a two-fold higher level to the 165 activated platelets than the untreated washed platelets, indicating its preference for the 166 high affinity conformation of the integrin (Fig. 4AB ). There was no binding of 167 platelets to fluorescently labelled recombinant SasG, a surface protein of S. aureus 168 which was used as a control (data not shown). 169
To confirm that IsdB interacts with the high affinity conformation of the 170 platelet integrin α IIb β 3 we used a CHO-K1 cell line stably expressing human wild-type 171 α IIb β 3 and the N305T mutant locked in the high affinity conformation by an N-172 glycosylation site introduced into the interface between the β3 I-like and hybrid 173 domains (Luo et al., 2003; Luo et al., 2004 was stronger on surfaces coated with fibrinogen than with IsdB suggesting a higher 188 affinity of the integrin for the plasma protein than IsdB (Fig. 5B) . 189
We also compared the attachment of the CHO-K1 α IIb β 3 (N305T) mutant to 190 recombinant IsdH and IsdA proteins. The cells attached strongly to IsdB, weakly to 191
IsdA and there was no binding to IsdH (Fig. 5C ). The attachment to and spreading on 192
IsdB was more than 2.5 fold greater than on IsdA (Fig. 5C) SH1000 and SH1000 clfAclfBfnbAfnbB expressing IsdB, were found to invade at 225 similar levels (43% and 40% of input inocula, respectively) while SH1000 isdB and 226 SH1000 clfAclfBfnbAfnbBisdB were significantly less efficient at approximately 24% 227 of the input inocula (Fig. 7A) . In the presence of serum 93% of the SH1000 wild-type 228 inoculum was taken up whereas the SH1000 clfAclfBfnbAfnbB mutant was much less 229 effective at ca. 46% which was similar to SH1000 wild-type in the absence of Fn. 230 This demonstrates that FnBPs and Fn are required for the highest levels of invasion. 231
Comparing SH1000 to SH1000 isdB indicated a small but statistically significant 232 reduction in invasion when IsdB was missing (80% uptake compared to 93%). 233 SH1000 clfAclfBfnbAfnbBisdB was reduced to 27% compared to SH1000 234 clfAclfBfnbAfnbB (46%) (Fig. 7A ). These results show that IsdB promotes invasion by 235 SH1000 both in the absence of and the presence of functional FnBPs and serum 236 fibronectin. 237
Invasion was also performed with staphylococcal strains that had been grown 238 in iron replete TSB, conditions that repress expression of Isd proteins. Invasion of 239 human cells by S. aureus Cowan and S. carnosus has been studied previously 240 (Hirschhausen et al., 2010) and these strains were used as controls. Bacteria were 241 incubated with monolayers of 293T cells that had been grown in DMEM 242 supplemented with serum. One hundred % of the S. aureus Cowan input inoculum 243 became internalized whereas S. carnosus did not invade detectably (Fig. 8) . S. aureus 244 SH1000 wild type and SH1000 isdB invaded at very similar levels (ca. 80% of input 245 inocula) ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 To determine if IsdB -mediated invasion could be restored in the isdB mutant 257 expression of IsdB was induced in S. aureus SH1000 isdB (pRMC2isdB) and the 258 ability of bacteria to become internalized by 293T cells was measured and compared 259 to SH1000 wild-type, SH1000 isdB and SH1000 isdB (pRMC2). S. aureus wild-type 260 was internalized at 9% of the inoculum, in contrast to SH1000 isdB where ca. 3. We then investigated if expression of IsdB in a heterologous host is sufficient 269 to enable internalization. IsdB was expressed from the nisin-inducible plasmid 270 pNZ8048 in L. lactis NZ9000 (Fig. S2) . L. lactis NZ9000 carrying the empty vector 271 pNZ8048 and the plasmid free L. lactis NZ9000 host strain were used as controls. No 272 invasion was observed by any of the strains (data not shown) indicating that 273 expression of IsdB alone is not sufficient to promote bacterial internalization. 274 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This effect was not seen in wells coated with BSA, suggesting that IsdB specifically 305 modulated the activity of integrins that bind to fibronectin and vitronectin (Fig. 11) . 306
Neither IsdA nor IsdH had a similar effect (Fig. S3) . These results indicate that IsdB 307 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 iron-starved S. aureus Newman and SH1000 better than to the isdB deficient mutants. 347
We initially studied adhesion in the absence of fibrinogen and fibronectin which 348 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shown to be more important in binding to human haemoglobin by S. aureus cells and 370 is therefore considered to be the major haemoglobin receptor (Torres et al., 2006) . 371
IsdB was also found to bind preferentially to human haemoglobin rather than mouse 372 haemoglobin (Pishchany et al., 2010) . Despite this specificity towards human 373 propose that soluble rIsdB binds to and stabilizes the active conformation of integrins. 396
The interaction is weak and the integrins remain in the active conformation transiently 397 allowing them to adhere more efficiently to the immobilized ligands. However, 398 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Experimental procedures 416
Growth conditions, chemicals, bacterial strains and plasmids 417
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Real-time cell adhesion and spreading analysis 574
The xCELLigence system was used according to manufacturer's instructions. 575
The following system components were used: a Real-Time Cell Analyzer (RTCA) 576 computer with integrated software, a station for the RTCA plates and disposable E-577
plates. E-plates were inserted into RTCA stations and remained in a standard tissue 578 culture incubator. The E-plates are microtiter plates with glass bottoms containing 579 capillary gold electrodes covering each well. They allow sensitive detection of the 580 attachment of cells with relatively uniform distribution of the electric field. The 581 voltage applied on electrodes during RTCA measurements was approximately 20 mV. 582
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